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Abstract 
A reduction in friction in tribological contacts will lead to reduced energy requirements. 
It is therefore important to be able to measure the frictional characteristics of various 
liquid lubricants. Current laboratory tests measure friction but the test rigs invariably 
induce wear between the mating contacts. This new test rig, the wire-on-capstan rig, 
measures friction without inducing wear between the wire and the rotating capstan.  
 
All seven lubricants tested (three without additives and four proprietary hydraulic oils) 
exhibit a reducing coefficient of friction with increasing temperature. Temperatures 
ranged from 25°C to 100°C. The mineral based oil showed the lowest friction coefficient 
and the three synthetic ester based oils produced the highest friction coefficient over the 
complete temperature range. Future testing will extend the range of operating conditions 
and product types. 
 
Introduction 
The decline of fossil fuel reserves and the increasing awareness of greenhouse gas 
emissions have been the primary driving force behind the need to conserve energy. To 
improve fuel efficiency, friction modifiers are commonly blended into lubricants. A 
reduction of friction will clearly lead to a decline in energy requirements. However, an 
accurate evaluation of lubricant performance is not possible using existing test 
equipment. The main reason for this is that current test rigs require operating conditions 
that induce wear so that the measurement of friction on these rigs is not a real evaluation 
of friction6. 
 
This paper gives details of the design and commissioning of a purpose built test rig to 
measure the frictional characteristics of various oils. The results of the tests performed on 
the rig are also given, along with a discussion concerning their significance. 
 
Lubrication Review 
There are three fundamental lubrication regimes; fluid film, boundary and mixed 
lubrication. Each of these fundamental regimes has further subdivisions. However, for the 
purposes of this paper, only a brief description of the fundamental regimes is required. 
Fluid film lubrication is often referred to as the “ideal” mode of lubrication. This is 
because it provides the lowest friction and the highest resistance to wear. Under this 
mode, the film of lubricant interposed between the mating surfaces is sufficiently thick to 
prevent solid contact. Due to the nature of its operation, the fluid film thickness is often 
described as the dominant factor in determining the extent of wear that occurs. The 
thickness of the film is governed by the bulk properties of the lubricant (i.e. viscosity). 
For this mode to prevail, the surface asperities of the mating surfaces must be smaller 
than the thickness of the fluid film, ensuring complete separation of the surfaces3. 
In conditions where the load is increased, the speed decreased and/or the fluid viscosity 
decreased, the coefficient of friction may rise significantly. Under these conditions 
boundary lubrication occurs, resulting in extensive wear. In this mode of lubrication, the 
solid surfaces are so close together that surface interaction between the solid asperities of 
each surface occurs. An example of where this occurs is with self acting bearings during 
the start and stop phases of operation. Although these bearings are known to operate 
under fluid film lubrication, there are periods when the fluid film has not yet developed 
(i.e. during starts and stops). This is when the bearings operate under the boundary 
lubrication regime. In this case, it is the physical and chemical properties of the surface 
films that govern the contact characteristics. The surface film may be formed by physical 
adsorption, chemical adsorption, chemical reaction or pre-treated surfaces. The mode of 
formation depends on the characteristics of the lubricant3. The focus of this project was 
on the friction and wear reducing properties of additives that perform this task. 
 
In the past it has been adequate for engineers to distinguish between the well known fluid 
film and boundary lubrication regimes. Today, it is clear that there is an important mixed 
lubrication regime that occurs between these two. The need to define a mixed regime 
arises from the fact that the transition between fluid film and boundary lubrication does 
not occur instantaneously. Contact characteristics of the regime are determined by 
varying combinations of fluid film and boundary lubrication effects. During mixed 
lubrication, the physical and chemical properties of the lubricant and interacting surfaces 
govern the frictional and wear characteristics. This mode of lubrication is important since 
many machine elements move intermittently and hence operate in the boundary, mixed 
and fluid film regimes at different times3. 
 
Economics of Friction and Wear 
Energy and material losses occur in virtually every mechanical device in operation. When 
reviewed on the basis of a single machine, these losses may seem insignificant. However, 
when the same losses are repeated on millions of machines, the costs becomes quite 
substantial. Melley and Wissner7 performed a study that concluded the cost of friction and 
wear in the United States to be almost $200 billion each year. This gives an idea of the 
enormous costs faced by national economies due to friction and wear. 
 
A new and very real cost of lubrication is the cost on the environment. The expense of 
reclaiming and repairing damage to the environment caused by poor design, maintenance 
and lubrication practices is becoming more significant. It is estimated that out of the 5000 
to 10 000 different lubricant formulations required to satisfy 90% of industrial lubrication 
needs, 50% end in and thus pollute the environment7. The ever increasing cost of 
recycling and disposing of used lubricants is a further reason for the need to reduce 
specific consumption. The cost of tribological deficiencies is evident and continuous. 
Thus, it is clear that research is required to reduce friction and wear which will 
consequently reduce environmental degradation and the consumption of fuels and 
lubricants. 
 
The Wire On Capstan (WOC) Test Apparatus 
Friction modifiers are commonly added to engine and transmission oils to increase fuel 
consumption efficiency. To evaluate the performance of these additives, numerous full 
scale laboratory tests have been used. Test apparatus examples include the Scuffing Load 
Ball On Cylinder Lubricity Evaluator (SLBOCLE) and the High Frequency 
Reciprocating Rig (HFRR). The majority of these tests were originally designed to 
measure the load carrying capacity of boundary lubricants under accelerated conditions 
through the use of high artificial contact pressures. Under these conditions, anti-wear and 
extreme pressure (EP) additives prevail as the primary source of surface protection and 
friction modifiers are largely unneeded. This is because friction modifiers are most 
effective under lightly loaded conditions. Furthermore, the majority of existing tests do 
not produce accurate friction forces as a result of non-conformal geometries6. 
 
A new test apparatus was required to evaluate the friction modifiers in engine oils. A 
device proposed by Lacey et al.6 involved measuring the force needed to restrain a wire 
wrapped several times around a rotating capstan. Depending on the frictional properties 
of the lubricant interposed between the wire and capstan, different frictional forces were 
measured. The fundamental difference of this test apparatus is its ability to produce high 
frictional forces from a low contact stress. This arrangement is ideal for the effective 
functioning of friction modifiers and thus a more accurate evaluation can be made. 
 
The test rig used in this research project was based on that described by Lacey et al.6. It 
was designed and manufactured at the Queensland University of Technology (QUT). The 
wire-on-capstan (WOC) test apparatus involved wrapping a metal wire around a rotating 
capstan (refer to Figure 1). A weight was used to produce tension on the leading end of 
the wire. The tension on the trailing end wire was measured using a load cell. The test 
lubricant was carried around the circumference of contact by the rotation of the capstan. 
Data from the load cell allowed the friction characteristics of the test lubricant to be 
evaluated. Figure 2 shows an assembly of the QUT WOC test apparatus. An in depth 
discussion of the various details of the apparatus commissioned by QUT are given by 
Heng4 and Tang8. 
 
The experimental test rig was designed so that the wire was wrapped several times 
around the rotating capstan. Since the wire/capstan interface was the source of the friction 
force, particular care had to be taken in the design of the capstan. The material used for 
its manufacture was SAE 8620 alloy, a low nickel-chromium and molybdenum grade 
steel. This material was chosen due to its high core strength and favourable toughness, 
hardenability and machinability. The capstan was also required to conform to the 
specifications of the test rings used in the ASTM D60781 standard for lubricity testing. To 
do this, a surface hardness between 58 and 62 HRC had to be obtained. Surface hardening 
of the capstan was carried out by carburising, resulting in a case thickness of 0.508 mm 
and hardness of 61 HRC. Conforming to the ASTM D60781 standard also required a 
surface finish between 0.04 to 0.15µm. Cylindrical grinding was carried out on the 
capstan, giving a surface roughness of 0.1 to 0.12µm. 
 
In order to simulate a wide range of engine conditions, it was necessary to incorporate a 
heating element into the WOC test apparatus. This made it possible to distinguish the 
effects that temperature had on the performance of various friction modifiers. According 
to the tests performed by Lacey et al.6, there was little differentiation between the “good” 
and “bad” friction modifiers at low temperatures. As the temperature increased to 100°C 
and 150°C it became possible to identify a separation between the friction modifiers. The 
QUT WOC apparatus used a magnetic heater-stirrer, which was able to achieve a uniform 
temperature in the medium during the heating process. 
 
To provide a torque to the capstan, a 180 Volt DC electric motor (0.18 kW) was coupled 
to a wormed gearbox. The output shaft was required to rotate at a constant speed of 200 
rpm. This was achieved through a control box, which varied the voltage delivered to the 
motor. 
 
The wire used for the WOC tests (refer to Figure 3) was a 1.58mm (1/16 inch) diameter 
304 stainless steel wire in a twisted form (7x7 configuration). The chromium in stainless 
steels forms a protective layer against corrosion as well as improves wear resistance. This 
is desirable for use in a WOC test apparatus as the wire is constantly rubbing against the 
rotating capstan. It must be noted that Lacey et al.6 used a 1.58mm (1/16 inch) wide, 
flexible braided 316 stainless steel ribbon. However, for the QUT WOC test apparatus it 
was decided that a conventional wire (i.e. circular cross section) would be more 
appropriate because it ensured that testing would be carried out under boundary 
lubrication, thus eliminating the possibility of fluid film lubrication. 
 Mathematical Analysis 
This section presents the two equations that describe the relevant interactions between the 
wire and the capstan. A thorough mathematical analysis has been given by Lacey et al.6, 
however for the purposes of this report it was deemed adequate to omit the details of the 
individual steps in the analysis. 
 
When a rope wrapped around a post is just on the verge of slipping, the tension at one end 
may be considerably greater than at the other end. That is, there is a difference in the 
tensions at the two ends of the rope due to the cumulative effect of the friction between 
the rope and the post. The same principle applies to a belt that is wrapped around a 
pulley. There is a considerable difference in tension between the tight and slack sides of 
the belt and this difference supplies the driving torque. This principle was applied to the 
wire and capstan of the WOC test apparatus (refer to Figure 4). A simplification of the 
analysis was made by assuming the radius of the capstan to be infinitely larger with 
respect to the radius of the wire. This allowed the contact geometry to be approximated as 
an infinitely long cylinder pressing against a flat. 
 
Performing the analysis yielded the following equation describing the relationship 
between the ingoing and outgoing wire tensions, friction coefficient and contact angle 
between the wire and capstan: 
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Where: 
T1 = Tension caused by an applied load at the end of the wire exiting the capstan (N) 
T2 = Tension in the trailing end of the wire caused by rotation of the capstan (N) 
α = Total angle of contact between the wire and the capstan (radians) 
µ = Friction coefficient 
 
It can be noted from Equation 1 (Lacey et al. 20016) that for a given applied load (T1), the 
friction force (T2) caused by the rotation of the capstan changes logarithmically with both 
the friction coefficient and the number of wire wraps. Therefore minute changes in the 
friction coefficient can be readily observed, making the design appreciably more sensitive 
to the performance of different friction modifiers. Equation 1 was used to find the friction 
coefficient from experiments. This was possible since the applied load (T1), the measured 
load (T2) and the contact angle (α) were all known. All results given in this report were 
from tests that used an applied load of 1.055N and a contact angle of 6pi (three wraps 
around the capstan). 
 
In having taken into account the previously mentioned assumption (i.e. the radius of the 
capstan is infinitely larger with respect to the radius of the wire), an expression was found 
for the mean Hertzian contact pressure at any point around the contact circle between the 
wire and the capstan: 
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 Where: 
P = Mean Hertzian contact pressure between a cylindrical wire and a flat (Pa) 
E1 = Reduced elastic modulus (Pa) 
R = Radius of the capstan (m) 
r = Radius of the wire (m) 
 
Equation 2 (Lacey et al. 20016) shows that the square of the contact pressure (P) varies 
exponentially with the coefficient of friction (µ). Hence, lubricants with poor friction 
characteristics (those having large µ) produce higher contact pressures than those of 
lower friction coefficients, resulting in greatly increased friction forces. It must be noted 
that the wire was approximated as being a cylinder, thus neglecting the complex contact 
geometry due to the lay configuration of the individual strands of the wire. For the 
conditions of the tests described herein, the contact pressure was calculated to range 
between 82.4MPa and 150.7MPa. 
 
Preliminary WOC Tests at QUT 
The primary aim of the preliminary tests was to assess the repeatability of the QUT WOC 
apparatus. A maximum of 5% difference between the results of each trial, at each of the 
test temperatures was taken to be the acceptance criterion for repeatability. The 
experimental procedure has not been outlined in this report due to its extensive nature. 
However, details can be found in reports by Heng4 and Tang8. 
 
To assess the repeatability of experimental results using the WOC test apparatus, 300 
Solvent Neutral (SN) mineral (base) oil was selected as the test lubricant. The primary 
reason for selecting base oil was due to it being readily available. Hence an adequate 
number of preliminary tests could be performed using a single lubricant type.  
 
The friction coefficients obtained from the two initial trials were in the order of 
magnitude of 0.1. According to Kosse5, at this order of magnitude the boundary 
lubrication regime exists. This was the desired lubrication regime for the experiment. 
Repeatability on the other hand was not obtained according to the acceptance criterion. 
The respective friction coefficient results of the two trials had variations ranging from 2% 
to 13% (refer to Figure 5). Therefore, results had been obtained that were well beyond the 
allowable 5% maximum difference. Two elements of the test procedure were identified to 
be the cause of the large discrepancies between the data:  
 
• Cleaning of the wire and capstan between tests did not involve the removal of the 
wire. This allowed traces of lubricant from the previous test to remain between 
the wire and the capstan. 
• One wire was used for several tests after which excessive wear was observed. 
This had severely altered the contact geometry between the wire and the capstan. 
 
To solve these issues, the cleaning procedure was carried out with the wire removed from 
the capstan and a new wire was installed for every test. Although these additional 
procedures were easily carried out, it must be noted that they had a significant effect on 
the test results. The cleaning procedure of the WOC test apparatus was found to be vital 
for removing boundary lubricants from previous tests. After the implementation of these 
procedures the acceptance criterion (5% difference) was satisfied for seven subsequent 
trials using base oil (refer to Figure 6). It was thus concluded that the QUT WOC test 
apparatus could achieve adequate repeatability of experimental data. 
 
After having assessed the QUT WOC apparatus’s repeatability, experiments were then 
able to be conducted to analyse the friction characteristics of various liquid lubricants. 
Tests were carried out on a mineral oil without additives, two types of monounsaturated 
canola oil, and four hydraulic oils: one based on conventional mineral oil and three based 
on rapeseed oil. All of the hydraulic oil types tested were known to have use in industrial 
applications. Experiments were performed for temperatures ranging from 25°C to 100°C. 
The kinematic viscosity values of the test oils have been given in Table 1. 
 
Results and Discussion of the Friction Tests 
Figure 7 shows the friction coefficient results for the range of lubricants that were tested. 
The first point to note is that the proprietary mineral based hydraulic oil exhibited a 
significantly lower coefficient of friction than any other oil tested. It also varied the least 
over the temperature range. This implies that it was less susceptible to oxidation than any 
of the other oils. The lubricant had anti-wear and antioxidants reacting with the base oil 
to give lower frictional properties. Values for the two monounsaturated canola oils were 
found to be very similar and lower than the base oil (mineral oil with no additives) and 
the three proprietary vegetable based products. The latter three proprietary oils were 
synthetic esters, that is, esterified vegetable oils from rapeseed. It is interesting to note 
that these three oils exhibited higher friction coefficients than monounsaturated canola 
oil. The results for the 300 SN oil showed behaviour that was approximately the average 
of the three synthetic ester hydraulic oils. 
 
All results exhibited a reducing friction coefficient as the temperature increased. This was 
an interesting observation. Increasing the temperature reduces the lubricants viscosity. 
When considering the shape of a typical Stribeck curve, the results tend to indicate that 
the mode of lubrication is not boundary (because the coefficient of friction is not 
constant). The results point towards hydrodynamic lubrication, because the coefficient of 
friction is decreasing with reduced lubricant viscosity. However, the coefficient of 
friction is not the same for all of the oils even though they have almost the same viscosity 
at 100°C. This would suggest another lubrication mechanism. 
 
Because the four proprietary oils had anti-wear and antioxidant additives, it was 
anticipated that there would be a difference in frictional properties between the four oils 
and others without such additives as the temperature increased. Except in the case of the 
proprietary mineral based oil, this behaviour was not observed. 
 
For all the tests that were conducted on the QUT WOC apparatus, no wear of the capstan 
was observed. The individual wires from the tests did however show varying amounts of 
wear. An example of this can be seen on the magnified photograph shown in Figure 8. No 
precise analysis was performed in concern of the wear that the wires experienced with 
respect to the lubricants tested. Nevertheless, the observation of the wear did provide 
further validation of the decision to use a new wire for every test. 
 
At the end of each test that was performed it was noticed that the test lubricant had 
changed colour. At the beginning of a test, the oils usually had a pale and transparent 
appearance. Towards the end of the test (i.e. at higher temperatures) they became much 
darker. Soot was also found to be present in some cases. This was believed to be an 
indication that the lubricants were undergoing oxidation. It was suggested by Bhushan2 
that when a lubricant starts to fail through chemical oxidation, the result is usually the 
formation of both soluble and insoluble compounds that may appear as resins or sludges. 
 
Conclusion 
This paper has described the rationale of the WOC test apparatus. Emphasis has been 
placed on the economics of friction and wear, particularly in concern of environmental 
awareness. Details of the apparatus were given along with a description of its 
commissioning at QUT. The test rig has been shown to produce repeatable results in 
measuring friction coefficients for various oils operating at a range of temperatures. 
 
For the testing conditions described here, all seven lubricants (three without additives and 
four proprietary hydraulic oils) exhibit a reducing coefficient of friction with increasing 
temperature. An explanation for this result is not obvious. The mineral based oil exhibited 
the lowest coefficient over the complete temperature range (25° to 100°). The three 
synthetic ester based oils produced almost the highest coefficient of friction over the 
complete temperature range tested. These results were unexpected and so further testing 
and analysis is required. 
 
Future testing will extend the range of operating conditions and product types. Additional 
repeatability experiments may involve a greater number of trials and possibly the use of 
different oils. This would allow statistical analysis to be used to assess repeatability more 
accurately. Testing may also include the effect of oil viscosity, humidity, contact pressure 
(number of times the wire rope is wrapped around the capstan) and analysis of the oil 
after the test. An analysis of the amount of wear that occurs on the wire for different 
lubricants would also be of interest. 
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 Figure 1: Schematic of the QUT WOC test apparatus. 
 
 
 
Figure 2: The QUT WOC test rig.4 
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 Figure 3: A photograph (magnification factor of 40) of the wire used on the WOC test apparatus.4 
  
Figure 4: Contact geometry between the wire and the capstan.6 
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Figure 5: Variation of friction coefficient with temperature for 300 SN Base Oil before implementing 
revised cleaning procedure.8 
 
Results for Trial 3 to Trial 9 of repeatability tests
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Figure 6: Variation of friction coefficient with temperature for 300 SN Base Oil after implementing 
revised cleaning procedure.8 
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Figure 7: Friction coefficients for various oils operating at a range of temperatures: all proprietary 
oils are hydraulic oils.4 
* vegetable based oil. 
** mineral based oil. 
 
 
Figure 8: A photograph (magnification factor of 110) of the typical wear that occurred on the wire 
after a test.4 
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 Table 1: Kinematic viscosity values of the test oils at 40°C and 100°C. 
Temperature ( °C ) 40 100 
300 SN Base Oil 54 cSt 7.4cSt 
Canola Oil 36 cSt 8 cSt 
Proprietary Oil No.1 * 36.8 cSt 8.2 cSt 
Proprietary Oil No.2 * 47.4cSt N/A 
Proprietary Oil No.3 * 37 cSt 8.4 cSt 
Proprietary Oil ** 65 cSt 8.6 cSt 
* vegetable based oil. 
** mineral based oil. 
